ABSTRACT: Six Holstein steers (initial BW 335 kg) were used in a replicated 3 x 3 Latin square design to study the distribution of Zn in ruminal contents from a conventional Zn source (ZnO) or Zn sequestered to a polysaccharide (PC-Zn). Treatments consisted of a basal diet (no Zn supplementation) and the basal diet supplemented with Zn from either PCZn or ZnO. Steers were provided with 208, 920, or 896 mg of Zn/d from basal, PC-Zn, or ZnO, respectively. On collection day, steers were dosed with 800 mg of Zn from each Zn supplement and whole ruminal contents (WRC) were sampled at 1, 2, 4, 6, and 8 h postdosing. The cell-free (soluble) Zn concentrations in steers fed the PC-Zn or ZnO supplements decreased ( P c .05) rapidly after dosing. Mean Zn concentrations of the cell-free fraction were considerably lower than either microbial or particle fractions of WRC. Compared with ZnO, the PC-Zn source resulted in higher ( P < .05) cell-free Zn at 1 and 2 h after dosing and higher ( P < .05) Zn concentrations (micrograms/gram of DM) in the fluid-and particle-associated microbial and particle fractions. Compared with basal, fluid-associated microbial DM concentration tended to be higher ( P < .lo) at 6 and 8 h with PC-Zn and ZnO. Results indicate a rapid disappearance of Zn from the soluble fraction and a high concentration of Zn in the DM of the microbial and particle fractions of WRC. Furthermore, PC-Zn resulted in higher levels of Zn in all fractions of WRC, and Zn supplementation tended to increase microbial DM production at later sampling times.
Introduction
Zinc is a trace mineral that is required in the diet for proper metabolic function of ruminants as well as other animals. Zinc concentrations of ruminal microorganisms have been shown to be 10 to 500% higher than the Zn content of the diets fed (Mitchell and Tosic, 1949; Martinez, 1973; Durand and Kawashima, 1980) . Furthermore, it has been demonstrated that increasing the dietary level of Zn increases the amount of Zn associated with microbial fractions (Durand and Kawashima, 1980) . However, we are unaware of any information delineating the effect that Zn source has on the distribution of Zn in the soluble and insoluble fractions of ruminal contents. Therefore, Zn, or basal + ZnO, respectively. The total daily supplements of Zn were provided once daily (0700) so that Zn supplementation during the adjustment period would coincide with the single pulse-dose of Zn (800 mg) administered during the collection period (0700). At 1700, all steers were individually fed the basal diet only. During the adjustment period, steers were trained to consume their total rations within 1 h after feed was offered. On the day of collection ( d 151, all steers were fed the basal diet (no added Zn) at 0700 and were dosed intraruminally at 0800 with 150 mL of Cr-EDTA (9.2 mg of Cr/mL; Binnerts et al., 19681 , a fluid passage marker, and 800 mg of Zn from each Zn source added to 14 g of ground corn. Steers assigned to the basal diet received ground corn only. Throughout the trial, steers were penned in an opensided barn, tethered in 1.2-m x 2.4-m stalls, and had continuous access to fresh water.
Sample Collection and Processing. Whole ruminal contents (WRC) were sampled at 1, 2, 4, 6, and 8 h after dosing and partitioned into a cell-free fraction, a fluid-associated microbial fraction, and a particle fraction (Figure 1 ). The 2-h particle fraction was further processed into particle-associated microbial pellet (Figure 1) . In an effort to obtain representative samples, subsamples were taken from the reticulum and caudal and medial areas of the ventral and dorsal sacs using a 100-mL plastic beaker. The subsamples from each steer were pooled and strained ruminal fluid ( SRF) was obtained by squeezing WRC through eight layers of cheesecloth, which separated the fluid and particle fractions. Residual particle subsamples (50 g wet basis) were frozen for subsequent analyses and are defined as undigested feed and associated microorganisms. The SRF was filtered again through eight layers of cheesecloth t o remove any remaining particles and then centrifuged (25,000 x g , 4"C, 30 min) to obtain a cell-free supernatant liquid and fluidassociated microbial pellet. The remaining particle fraction and the cheesecloth were discarded. Aliquots (100 mL) of cell-free supernatant liquid were acidified with 4 mL of 5 N HC1 and stored at 4°C. A portion of the particle-associated microorganisms was harvested (Figure 1 ) at the 2-h sampling time only, using a modified procedure described by Olubobokun et al. (1988) . The 2-h particle fractions (200 g wet basis) were placed in plastic bottles containing 600 mL of 3 5 % (wtivol) saline solution, chilled in crushed ice for 1 h, blended for 5 s, and successively washed four times with 250 mL of saline through eight layers of cheesecloth. The fluid was then strained through eight layers of cheesecloth and centrifuged (25,000 x g , 4"C, 30 min) to obtain a pellet defined as particleassociated microorganisms. Although the percentage removal of particle-associated microorganisms was not measured in this study, Olubobokun et al. (19881, using a similar extraction technique and diaminopimelic acid as a bacterial marker, indicated that from 32 to 50% of the particle-associated microorganisms were liberated from the ruminal particles. It was assumed that the samples of particle-associated microbes obtained were representative of the total particle-associated microbial population (Olubobokun, 1987) . Supernatant liquids and pellets were preserved and stored by the procedure described above.
Laboratory Analyses and Calculations. All minerals were determined by atomic absorption spectrophotometry (Anonymous, 1982 ; Model 3030B, Perkin-Elmer, Nonvalk, CT). Supernatant liquids were diluted with deionized water and aspirated directly into the flame for Cr and Zn determinations. The residual particles and the fluid-and particle-associated microbial pellets were lyophilized, allowed to air-equilibrate for 3 d, weighed, and analyzed for DM and ash content (AOAC, 1984) . Dry-ashed (550°C) samples were solubilized with 10 mL of 6 N HCl and allowed to reflux at 98°C for 1 h. The solubilized particle and microbial ash were diluted with deionized water and aspirated directly into the flame for Zn determination. Microbial pellets from the fluid-and particle-associated populations were also analyzed for CP by Kjeldahl analysis (AOAC, 1984) . Ruminal microbial DM obtained are expressed as milligrams of microbial DMimilliliter of SRF and milligrams of microbial DMI milliliter of SRF equivalent (SRFE) for fluid-and particle-associated microbial populations, respectively. Expressing values on a SRFE basis allows valid comparisons between fluid and particle components of ruminal contents (Olubobokun, 1987) . The particleassociated microbial DM concentration was calculated by the following equation: milligrams of DM/milliliter of SRFE = microbial DM (milligrams)/(grams of PDM, x milliliters of SRF/gram of PDMt x C), where PDM, is the particle DM used for the extraction of the particle-associated microorganisms, SRF/PDMt is the ratio of strained ruminal fluid:particle DM obtained during collection, and C (correction factor) is the volume (1,400 to 1,500 mL) of the saline solution centrifuged divided by the initial volume (1,600 mL) of the saline solution. The correction factor is necessary because a portion of the saline solution was retained in the residual particle mass and cheesecloth. Zinc concentrations of fluid-and particle-associated microbial samples and particle fraction are Statistical Anulyses. The experimental design used was a replicated 3 x 3 Latin square (Steel and Torrie, 1980) . The GLM and least squares procedures of SAS ( 1985) were used in the ANOVA among treatments, periods, and groups (two steers per group) within each sampling time. Differences across sampling times due to treatment were analyzed by split-plot ANOVA (Steel and Torrie, 1980) . Zinc source was the wholeplot treatment and was tested using group x period x diet as the error term. Hour and hour x treatment interaction were the subplot treatments. Differences due to microbial population ( a t 2-h sampling only) were analyzed by split-plot ANOVA (Steel and Torrie, 1980) with microbial population and the interaction between Zn source and population tested on the subplot. Significant differences between means were detected using the F-protected LSD procedure (SAS, 1985) .
Results
Ruminal fluid volume and fluid dilution rate did not differ ( P > . l o ) due to Zn source. Dilution rates were 9, 8, and 1O%/h and fluid volumes were 28.7, 28.1, and 31.7 L for basal, ZnO, and PC-Zn, respectively.
Changes in cell-free Zn concentrations (Figure 2 ) over time were not affected ( P > ,101 by Zn source, but there was a treatment x hour interaction ( P < .05).
Compared with ZnO and basal, PC-Zn resulted in higher ( P < .05) cell-free Zn concentrations 1 and 2 h after dosing. The cell-free Zn concentrations in steers fed the PC-Zn decreased ( P < .05) rapidly after feeding with Zn concentrations and returned to basal levels at 4 to 6 h after dosing. Across the sampling period, Zn concentrations ranged from .78 to .38, 2.35 to .55, and .94 to .40 pg of ZnimL of SRF for basal, PCZn, and ZnO, respectively.
Expressed on a SRF basis (Figure 31 , fluidassociated microbial Zn concentrations in steers fed PC-Zn were higher ( P < .05) than those in steers fed ZnO at 2 and 4 h after dosing. Fluid-associated microbial Zn values for PC-Zn and ZnO were higher ( P < .05) than basal at each sampling time. Unlike the cell-free Zn concentrations, fluid-associated microbial Zn content within treatment did not deviate ( P > . l o > from the mean observed at 1 h. Compared with ZnO and basal, PC-Zn resulted in higher ( P < .05) particle Zn concentrations (SRFE basis) at 4, 6 , and 8 h (Figure 4) . Compared with basal, ZnO resulted in higher ( P < .05) particle Zn content at 2 and 8 h after dosing. Particle Zn concentrations were considerably higher than those observed for cell-free ( Figure 2 ) and fluid-associated microorganisms (Figure 3 ). Zinc source effects on fluid-associated microbial Zn concentrations (microgramsigram of microbial DM) were noted at all time points; PC-Zn and ZnO diets were greater ( P < .05) than the basal diet (Table 1) . However, compared with ZnO, PC-Zn resulted in higher ( P < .01) overall Zn concentrations (microgramsigram of microbial DM) in the fluid. associated microorganisms (Table 1) . over the sampling period. Compared with the particle fraction, fluid-associated microorganisms were two to four times higher in Zn content on a DM basis. No differences ( P > . l o ) were observed in fluid-associated microbial CP and ash content as a result of Zn source (Table 2) .
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Compared with basal, fluid-associated microbial DM concentrations tended to be higher ( P < .lo) at 6 and 8 h when steers were fed Zn supplements ( Figure   5 ). There was no difference ( P > .lo) in microbial DM concentrations between Zn sources. The fluid-associated microbial DM concentrations for 1 and 8 h after dosing were 13.2 and 9.8, 11.4 and 12.7, and 11.7 and 13.8 mg of DM/mL of SRF, respectively, for basal, PC-Zn, and ZnO, respectively.
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Time, h Figure 4 . Concentrations of zinc in ruminal particle higher ( P < .05), and Zn source differences ( P < .05) fraction as a strained ruminal fluid equivalent (SRFE) were detected within each population 2 h after dosing after a single intraruminal dose of zinc from a (Table 3 ). No differences ( P > .lo) were observed in polysaccharide-zinc complex (PC-Zn) or zinc oxide CP between microbial populations; however, fluid-(ZnO) in steers fed a basal diet. Vertical bars are associated microbial ash was higher ( P < .01) than standard errors.
particle-associated microbial ash. Zinc source had no effect ( P > . l o ) on microbial DM concentrations within populations, although the fluid-associated microbial DM concentration was lower ( P < .01) than the particle-associated microbial DM concentration. Because only a portion of the particle-associated microorganisms was removed during extraction, the true difference in DM concentration between the microbial populations would be even greater than observed.
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Discussion
The Zn concentration in the cell-free fraction showed a rapid decrease from 1 to 2 h after dosing (Figure 2 ) with values similar to those reported by others (Bremner, 1970; Martinez, 1973) . Furthermore, the soluble Zn concentrations were considerably lower than concentrations observed with the microbial (SRF basis) and particle fractions (SRFE basis). The predicted Zn level of the cell-free fraction if all the added Zn had been soluble and not incorporated by the microorganisms was 27 pg of ZnimL (potential value of cell-free Zn). Therefore, at 1 h after dosing, it was estimated that the cell-free Zn concentrations were only 6 and .6% of the potential value of soluble Zn for PC-Zn and ZnO supplementation, respectively. However, the fluid-associated microorganisms accounted for approximately 19 and 12% of the potential cell-free value for PC-Zn and ZnO, respectively. Ignoring the 1-h value, most of the added Zn can be attributed to the particle fraction (Figure 4 ) , which agrees with the findings of others (Weston and Kastelic, 1967; Allen and Gawthorne, 1987) . Therefore, supplemental Zn was insoluble or became rapidly associated with either microorganisms or particles. Because microbial DM was considerably more concentrated with Zn than the particle fraction, most of the Zn may be concentrated within microorganisms in the fluid and(or) particle fraction. Low concentrations of soluble Zn in the rumen are probably the result of high incorporation of Zn by ruminal microorganisms and formation of insoluble complexes (Bremner, 1970; Durand and Kawashima, 1980; Ivan and Veira, 1981) . Compared with ZnO, PC-Zn had higher Zn concentrations associated with the various phases of WRC. However, a significant treatment x hour interaction suggests that changes in cell-free Zn due to Zn source may vary depending on the time of sampling after dosing. In this study, Zn solubility in a buffer solution (McDougall, 1948 ) was higher (47 vs 30%) for PC-Zn than for ZnO. In addition, it was estimated that PC-Zn contributed more Zn to the soluble fraction in the rumen than did ZnO. As with other nutrients, microbial uptake of Zn may be a function of soluble Zn concentration in the rumen. Consequently, the rapid disappearance of cell-free Zn observed may have been the result of microbial uptake. In contrast to cell-free Zn, fluid-associated microbial Zn (SRF basis) did not show a rapid decrease in Zn content over time. This observation may be one aAcross treatments F mean greater ( P < .05) than P mean (370.9 vs 300.9 p g l g ) ; SE = 18.3 &g.
bicydMeans in rows with different superscripts differ ( P < .05).
eAcross treatments F mean greater ( P c .01) than P mean (10.5 vs 8.5%); SE = .3%.
fAcross treatments P greater ( P < .05) than F (17 vs 12.6 mgimL); SE = 1.0 mg/mL.
indicator of microbial accumulation of Zn. Mitchell and Tosic (1949) reported that ruminal microorganisms accumulated Zn to levels that were 10 times the concentration of the hay fed. More recently, Martinez (1973) showed that in vitro concentrations of bacterial Zn were 318% (DM basis) of the Zn content in the incubated forage. These results are in agreement with the results of the present study in which the fluid-associated microorganisms (DM basis) accumulated 460, 469, and 364% of the Zn concentration of the basal, PC-Zn, and ZnO diets, respectively. Therefore, soluble Zn concentrations in the rumen may be a function of Zn uptake by the microorganisms. The importance of quantifying ruminal microorganisms associated with feed particles of ruminal digesta, in addition to the fluid-associated microbial population, has been shown (Merry and McAllan, 1983; Craig et al., 1987a,b; Olubobokun et al., 1988) . In this study, Zn source differences were not detected with microbial DM concentrations (milligrams/milliliter of SRF) within each microbial population, but the particle-associated population was significantly higher in DM concentration than the fluid-associated population, which agrees with the findings of others (Craig et al., 1987b; Olubobokun et al., 1988) . Fluidassociated microbial ash concentrations were within the range of values reported by others (McAllan and Smith, 1977; Merry and McAllan, 1983; Craig et al., 1987a) . The particle-associated microbial ash content in this study was similar to that reported for solidassociated bacteria (Merry and McAllan, 1983) . In the present study, fluid-associated microbial ash was higher than particle-associated microbial ash, which agrees with results obtained by others (Merry and McAllan, 1983; Craig et al., 1987b) . Zinc levels (microgramsigram of microbial DM) of the fluidassociated microorganisms were higher than that of the particle-associated microbial population, which may indicate that Zn is more available to the microorganisms suspended in ruminal fluid. However, presumably only a portion of the particle-associated microorganisms was removed and possibly is not representative of the total population associated with plant material. It has been suggested that Zn and other cations may play a role in microbial attachment to feed particles (Durand and Kawashima, 1980) . More information is needed on the role cations play in attachment of microorganisms to plant material in the rumen.
Endogenous sources of Zn may contribute to the total Zn content of ruminal microorganisms; however, only 1 to 2% of the intravenous dose of 65Zn was reported to enter the rumen with saliva and(or) across the ruminal wall (Weston and Kastelic, 1967) . In this experiment, this magnitude of Zn transfer would have amounted to about .3 to .5 mg of ZniL of ruminal fluid. In long-term cultures, ruminal protozoan requirements were shown to be 5 to 10 mg of ZnL (Durand and Kawashima, 1980) . Therefore, it seems unlikely that ruminal microbial growth can be sustained solely with endogenous Zn. Consequently, dietary Zn may be important in providing the growth requirement of the host as well as its microbes. Although limited, measurements of microbial DM concentration ( Figure 5 ) indicate that supplemental Zn was necessary to maintain ruminal microbial DM production. Differences ( P < .lo) between basal and Zn supplementation were not observed until 6 and 8 h after dosing. Zerebcov et al. ( 197 1 ) increased dietary Zn concentrations from 15 to 100, 125, and 150 mg of Znikg of diet DM in successive periods and observed progressive increases in total counts of ruminal microorganisms. In the same study, it was observed that each increment of dietary Zn reduced the amount of ammonia in the rumen and that 125 mg of Znkg resulted in the highest total VF'A and total and protein N concentrations in the rumen. Hence, it was concluded that Zn favored enzymes of deamination, glycolysis, and protein synthesis. Therefore, in the present experiment, it is possible that Zn supplementation may have stimulated microbial growth.
Implications
These data indicate that zinc source can affect the concentration of zinc associated with various fractions of ruminal contents and that zinc is highly concentrated in insoluble fractions (microbial and particle). Therefore, the information obtained in the present study should provide justification for performing subsequent studies t o determine the biological availability of zinc associated with the soluble and insoluble fractions of ruminal contents. Future studies of this nature may lead to recommendations on the efficacy of zinc sources, particularly in cattle requiring nutrient levels greater than those needed for maintenance.
